Abstract-This paper deals with the open-loop characterization of a micromanipulation system actuated by thermocapillary convective flows. Micrometric size objects placed at the air/liquid interface are actuated by heating the surface of the liquid using a laser. The heat generates a surface tension gradient at the interface which induces thermocapillary convective flows that are used to move the objects. In this paper, the performances of this approach are analyzed based on openloop experiments. Several actuation strategies are proposed and discussed. The experimental results highlight the potential of this approach since velocities up to several millimeters per second are obtained. However the precision of the positioning is not ensured by open-loop actuation, so closed-loop control will be necessary in future works. As a first step towards closedloop control, this paper proposes a model of the system. This model is based on the open-loop experimental results, but the proposed methodology can be applied to any setup that use thermocapillary convective flows for particle manipulation.
I. INTRODUCTION
The goal of microrobotics is to develop fabrication, characterization and actuation techniques dedicated to objects whose size is below 1 mm. This scale range includes objects of various natures, from electronic components to biological cells. The application domains are numerous and consequently, this research field has gained increasing interest over the last years. Non-contact actuation techniques are particularly attractive due to the versatility of use and the fact that they do not require the end effector to be in direct contact with the objects to be manipulated.
In this framework, dielectrophoresis uses a time variant electric field to apply a force to dielectric objects [1] . The electric field is produced by electrodes commonly fabricated by sputtering gold on a substrate. Objects in the range of 1 to 100 µm have been controlled with velocities of several millimeters per second [2] . Depending on the properties of the objects and the medium, as well as on the electric field applied, the objects can be either attracted towards the electrodes (unstable situation) or repulsed from them (stable situation). The independent control of several objects can be realized but it needs specific control laws [3] . The main drawback of dielectrophoresis is that the electric field decays rapidly far from the electrodes. The size of the workspace is thus reduced or it needs complex aude.bolopion@femto-st.fr wire bonding methods to power a large number of electrodes.
Magnetophoresis is based on magnetic fields produced by electromagnetic coils [4] or moving permanent magnets [5] . The scalability of this technique is remarkable since objects of any shape as small as a few micrometers to objects larger than 1 mm can be controlled [6] . Several methods can be used to produce the desired displacement. Magnetotactic bacteria are self-propelled natural microrobots. The magnetic fields are used only to control the direction of the movement [7] . Alternatively, the magnetic field can produce a force [8] or a torque [9] on the object, such that both the position and the orientation can be controlled. However, as the magnetic and ferromagnetic objects are attracted towards high magnetic gradients areas (such as the coils), closed-loop control must be implemented to maintain the objects at a desired position. If several objects have to be controlled simultaneously but independently, strategies based on the nonlinearity of the magnetic field, or on the geometrical properties of the objects [10] must be used. Thanks to the large range of the magnetic fields, in vivo biomedical applications are foreseen [11] . Magnetophoresis is thus a highly promising technique due to its versatility. Its main limitation is that objects must have magnetic properties.
Lasers are also attractive tools. Two different properties are exploited by microrobotic systems: the generated optical forces and the generated heat.
Optical tweezers are based on the optical forces produced on dielectric objects by focalized lasers [12] . Single objects, as well as groups of objects can be controlled [13] . This actuation technique is demonstrated on both artificial and biological objects. If the objects cannot tolerate the temperature increase due to the laser beam, or if their properties do not suit optical tweezer manipulation requirements, indirect manipulation using intermediate tools controlled by laser trapping has been demonstrated [14] . Characterization of biological properties is possible using this tool. In [15] , optical tweezers are used to get information about the mechanisms of chemoattractant gradient induction of cell migration.
Heat produced by the laser can be exploited as a fabrication tool or as an actuator. For example it can be used as a bonding tool to assemble micrometric size components in-situ [16] . Lasers are also valuable tools in the field of molecular biology. Microdissection can be performed either due to the melting effect or to the high photon density [17] . Regarding the use of lasers as actuators, the opening and closing of microgrippers has been achieved. In that case, the thermal expansion of the gripper arms due to the heat generated by the laser induces the open/close movement [18] . As another example, the heat generated by a laser focalized on a container filled with liquid can onset thermal-driven convective flows used to transport objects. These convective flows can be classified into two categories, depending if the liquid is heated from below, which induces natural and Marangoni convection, or from the top, which induces thermocapillary convection.
A combination of Marangoni and natural convective flows has been used to manipulate micrometer glass beads [19] . Selective manipulation is demonstrated by controlling the convective cell growth so that it affects only the beads that should be manipulated.
Alternatively, the liquid can be heated from the top which generates thermocapillary convection. This type of convection does not require a temperature gradient threshold and any temperature increase will onset the flow [20] . In addition, natural convection will not be generated. This makes the identification of the driving force easier as the only force driving the particles movement will come from the thermocapillary convective flow [21] . Details about the physics involved in thermocapillary convection are given in our previous work [21] . Several works use thermocapillary convection for particle manipulation. In [22] , the thermocapillary convective flow is generated by heating a bubble interface to manipulate different types of particles such as glass and hydrogel beads or SU-8 triangular pieces. A slightly different approach was proposed in [23] , where the bubble is generated by strongly heating the bottom of the fluid.
In this paper, we focus on the analysis of the performances of thermocapillary convection and on providing a model for this system that can be used for controlled micromanipulation. Two different actuation strategies are compared: one where the laser position is fixed and one where it follows the particle. Experimental tests are performed from which the attained velocities and the repeatability of the results are discussed. To ensure the positioning precision, a closed-loop control should be implemented in future works. To do so, a model of the system that relates the particle velocity to the laser position is proposed in this paper. Although the numerical values are related to the setup used in this work, the methodology can be applied to other setups that use thermocapillary convective flows. The relevance of this actuation principle compared to other classical micromanipulation techniques, such as magnetophoresis and dielectrophoresis is also discussed.
This paper is organized as follows. A short physical description and the setup details are provided in Sec. II. Two different actuation strategies are compared. A model of the system is proposed in Sec. III. Sec. IV discusses the relevance of this actuation technique in the framework of micromanipulation. Sec. V concludes the paper.
II. THERMOCAPILLARY CONVECTIVE FLOW BASED MICROMANIPULATION

A. Physical description of thermocapillary convective flows
A short description of the physics involved in thermocapillary convective flow based micromanipulation is provided here. More details can be found in [21] . The particles to be manipulated are placed at the air/liquid interface of a container filled with water. A laser beam coming from the top reaches the surface of the water. According to BeerLambert's law, part of this energy is absorbed by the liquid as it passes through. This absorbed energy is converted to heat and propagates in the fluid. This phenomenon is modeled by the heat equation which defines the temperature field in the entire fluid. Then, the temperature gradient at the interface generates a surface tension stress at the interface, which induces a movement of the fluid following the Navier-Stokes' equations, that define the velocity field across the entire fluid. The particles on the surface are dragged by the fluid.
B. Experimental setup
The setup used for thermocapillary convective flow based micromanipulation is presented in Fig. 1 . The water container is placed on an anti-vibration table Newport M-IG-12-2. Spherical micrometer size particles (stainless steel AISI 304 -Redhill Precision -diameter of 500 µm) are manually placed at the surface of the liquid (distilled water) contained in a plastic container (115 × 115 mm). A plastic lid is put on top of the container to reduce dust deposition. The surface of the liquid is locally heated using a continuous-wave 1455 nm infrared laser (Keopsys Fiber Raman Laser). Since the infrared laser is not in the visible spectrum, it is coupled to a continuous-wave 655 nm red laser using a laser coupler so that the position of the laser spot and the one of the particle can be recorded by a Photonfocus camera (MV-D1024-TrackCam) with a resolution of 1024×1024 pixels at a frame rate of 30 FPS. A 50 mm focal length lens is used together with a 10 mm extensor ring. The two laser beams are collimated using a 10x Olympus objective. The position of the laser spots are controlled using a 2-DOF piezoactuated tip/tilt mirror (Physik Instrumente S.334-2SL). The mirror is controlled via a PI Controller E-616.SS0x, which controls the mirror deviation. More details about the setup can be found in [21] .
C. Open-loop characterization of thermocapillary micromanipulation
To characterize the performances of the thermocapillary convective flow system for the manipulation of micrometric size objects, open-loop experiments are performed using two different strategies. On both cases, the particle velocity is analyzed.
The first strategy consists in positioning the laser P las one millimeter away from the particle position, and keeping the laser position fixed during all the experiment. Three different samples of water are used, and for each sample, Experimental setup for thermocapillary convective flow based micromanipulation. An IR laser (1) is coupled with a red laser (2), collimated using a microscope objective (3) and then directed by an actuated mirror (4) towards a point in the water surface (5). The water absorbs the IR laser and so the temperature increases in (5), generating a thermocapillary convective flow (6) which drives a particle (7) along the interface. A camera (8) provides visual feedback, used by a controller (9) which actuates the mirror.
four experiments are performed. The velocity of the particle is presented in Fig. 2(a) . When the laser is turned on (t = 0 s), it starts heating the fluid. However, a time delay is needed so that the heat propagates into the fluid and that the flow is established. The particle velocity increases until it reaches a maximum value, between 2 to 6 mm/s, after around 0.3 s. Then, the velocity decreases as the particle moves away from the laser spot.
The second strategy consists in keeping a constant laser-particle distance r las-part at each time instant. This is achieved by detecting the particle position in real-time using a vision-based feedback. The laser position is then computed using the particle position and the desired laser-particle distance. However, this actuation technique is not closedloop controlled since the input, which is the laser-particle distance, is kept constant during the whole experiment. Several laser-particle distances are tested: r las-part = 1.1, 1.5, 1.75, 2.0, 2.25 mm, each one eight times on four different water samples. Results are given in Fig. 2(b) . Regarding the response time, overall, the system attains a quasi-steady state after around 0.8 s. The particle attains faster velocities when it is closer to the laser spot, between 1.9 and 5 mm/s at quasi-steady. The standard deviation of velocity at quasi steady-state is in the range of 0.6-1.1 mm/s.
The two proposed strategies enable to reach velocities of several millimeters per second. As discussed in Sec. IV these performances are highly promising for micromanipulation. The second strategy (laser-particle distance is maintained constant) has the advantage that the particle velocity attains a steady-state value, so it will be adopted in the rest of the paper for controlled manipulation. Thus, a system where the input is the laser-particle distance r las-part and the output is the particle velocityṖ part can be defined. As an example, Fig.  3 presents an open-loop experiment in which the particle is displaced along a straight line.
In all the experiments (Fig. 2(a) and 2(b)), the particle is moving even before the laser is turned on at t = 0 s, (a) The position of the laser P las is fixed. It is set 1 mm away from the particle position at time t = 0 s. The experiment is performed 4 times on each water sample.
(b) The laser-particle distance r las-part is kept constant during the whole experiment. Several distances are tested, each one eight times on four different water samples. with a velocity up to 0.9 mm/s. This is due to fluid movements caused by motion of the air above the liquid surface and slight temperature variations on the liquid surface e.g. cooling from evaporation [24] . The same phenomenon explains why the particle velocity does not decay to zero in the experiments performed ( Fig. 2(a) ). If the particle has to be maintained at a given position, a closed-loop controller should be implemented in future works to counteract these undesired fluid flows.
In addition, for a given input it can be seen that the experimental results obtained for different trials are similar in trends, but not identical. Precision and repeatability of positioning can thus not be reached with open-loop control. As a first step towards closed-loop control, the rest of this paper proposes a model for the system that could be used in future control laws.
III. MODEL IDENTIFICATION
The open-loop experiments presented above highlight the performances of thermocapillary based micromanipulation, but underline the need of closed-loop control to ensure precision and repeatability of actuation. To do so, a model of the system that relates the laser-particle distance r las-part Fig. 3 . Example of an open-loop manipulation with a fixed laser-particle distance r las-part = 1.1 mm. The first image corresponds to the view of the manipulated object (sphere of 500 µm of diameter) before manipulation when the white backlight is turned off. In the following images, the backlight is turned on to facilitate the detection of the particle by visual feedback. The particles is displaced along a straight line with a distance of 7.78 mm in 1.2 s.
to the particle velocityṖ part is needed. The block diagram representation of this model is given in Fig. 4 . Fig. 4 .
Block diagram representation of the thermocapillary based micromanipulation system. A laser beam hits the water surface at a certain distance from the particle r las-part . The heat generated by the laser induces flow motion that results in a certain particle velocityṖpart.
A. Identification of the thermocapillary system
The goal of this section is to identify the relation between the distance laser-particle r las-part and the resulting particle velocityṖ part . This relation is identified based on the step response of the system to a given laser-particle distance r las-part . Based on Fig. 2(b) , a second order model is selected. However, the relation between the attained particle velocity at quasi steady-state, that will be referred aṡ P part QSS and the laser-particle distance r las-part is nonlinear. Taking this nonlinearity into consideration, it is proposed to use an estimation of the particle velocity at quasi steady-stateP part QSS as an intermediate variable to define two subsystems as shown in Fig. 4 . The first subsystem ("VelQSS" block) is nonlinear and definesP part QSS in function of the laser-particle distance r las-part . The second subsystem ("VelDyn" block) is a linear system represented by a second order transfer function which is used to model the dynamics of the system. First, the "VelQSS" block is identified based on the analysis of the particle velocity magnitude at quasi steady-statė P part QSS in function of the input, the laser-particle distance r las-part . Fourteen experiments are performed for laser-particle distances comprised between 1.1 and 4.5 mm. The corresponding particle velocity magnitude at quasi steady-state are given in Fig. 5 . An estimation of this velocityP part QSS is obtained using an affine regression:
( 1) where:P part QSS is expressed in [mm.s −1 ] and r las-part is expressed in [mm] . The coefficient of determination for this estimation is R 2 = 0.897. Better results could have been obtained using more complex interpolating functions. However since this model will be dedicated to control in future work and should be inverted in real-time, priority is given to simplicity. Fig. 5 . Measured quasi steady-state particle velocity magnitudeṖ part QSS in function of the laser-particle distance r las-part and the corresponding linear fit.
Second, the "VelDyn" block (Fig. 4) is identified based on the dynamics of the particle velocity magnitudeṖ part in function of the intermediate variableṖ part QSS , which is computed using Eq. (1). The dynamics of the system is modeled using a second order transfer function with an undamped natural frequency ω n , a damping ratio ζ and a DC gain of the system K DC . The coefficients ω n , ζ and K DC are obtained from each curve of Fig. 2(b) using Matlab. The identification results, shown in Table I , point out that the coefficients ω n , ζ and K DC do not vary significantly. So it is considered that the mean value of each of them (see the avg. column of Table I ) is a good enough representation of the system dynamics'. Using these results, the "VelDyn" block is defined by: 
B. Discussion on the model
The system is thus underdamped with a damping coefficient of ζ = 0.87. It presents a slight overshoot since the magnitude of the first peak corresponds to 0.4% of the steady state value. The time to reach and stay within 5% of the steady state value is around 0.4 s. This time constant is usually lower in common actuation systems (such as dielectrophoresis or magnetophoresis) at the micrometer scale due to the low inertia of the objects. However, the proposed approach requires certain time to onset the flow motion, which increases the time constant. However, this value is still acceptable for micromanipulation.
The identified model is compared to the experimental data. As an example, Fig. 6 shows the comparison between the experimental velocity obtained for a laser-particle distance r las-part of 1.1 mm and the proposed model in function of time. The resulting dynamic behavior obtained from the model matches the experimental data with good accuracy. The difference in the estimated particle velocity magnitude is due to the error in the estimation of the particle velocity magnitude at quasi steady-state. However, it can be compensated when closed-loop control will be performed. 
IV. DISCUSSION
In the Introduction section, non-contact actuation techniques were discussed. Their main characteristics are summarized in Table II . Note that this table presents the usual performances reached by the different micromanipulation techniques. It is out of the scope of the paper to provide a detailed analysis of all state-of-the-art performances attained in specific conditions. In particular, the velocity values or the size of the manipulated objects are given as indications. Better performances can be reached in optimized setups. The size range of the manipulated object is limited here to the micrometric scale, which is the target size range of this paper. Works manipulating larger or smaller objects are not considered here.
Thermocapillary convective flow based micromanipulation achieves fast manipulation velocities (several millimeters per second) on objects of a wide size range, shape and mechanical properties. The condition is that the objects should be hydrophobic to stay at the air/liquid interface. The attainable workspace is large since it is determined by the deflection angle of the mirror and the liquid-mirror distance. Since the system is unstable (the particles are pushed away from the laser source), closed-loop control has to be considered for controlled manipulation. If several objects have to be manipulated independently, strategies similar to the one used in [19] for Marangoni based manipulation could be investigated. Thermocapillary convective flow based micromanipulation is thus a highly promising technique for micromanipulation. The main limitation of the proposed approach is that the objects are manipulated at the air/liquid interface, which restricts the displacements to a plane. However, several applications at micrometer scale, such as conveying [6] or assembly [25] benefit from the planar manipulation. Vortex pumps are also demonstrated in [26] using laser trapping of micro beads placed at an air/liquid interface.
V. CONCLUSION AND FUTURE WORKS
In this paper, thermocapillary convective flows are used as an actuation principle for the manipulation of micrometer size particles. An experimental characterization of the system confirms that this approach is promising for micromanipulation. Two actuation strategies are compared, where the laser position is either fixed or maintained at a given distance from the particle. Both strategies enable to move 500 µm diameter spherical particles placed at the interface between the air and the liquid with velocities of several millimeters per second. The relevance of the proposed approach compared to magnetophoresis, dielectrophoresis, optical tweezer and Marangoni convection is discussed. Despite its limitation to planar manipulation, thermocapillary based micromanipulation is attractive due to the low requirements on the particle properties, the large workspace and the attained velocities. However, experiments point out that precision and repeatability of positioning are not guaranteed and closedloop control should be considered in future works. A model of the system is identified based on the experimental results. Even if the numerical values provided in the paper are related to the setup here used, the methodology remains general so that it can be applied to other systems using thermocapillary convective flows for particle manipulation. This model is a key step towards closed-loop control, and it is used in [27] for controlled thermocapillary based micromanipulation.
